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General Introduction, Background and Objectives 
  
1.1. Uses of Platinum group metals (PGM) 
The transition metals consisting of Pt, Pd, Ru, Os, Ir and Rh are commonly referred to as the 
platinum group metals (PGMs). The largest global deposits of PGMs are scattered around the 
Bushveld complex in the North-West province of South Africa, Figure 1.1, containing an 
estimated 82 % of the world‟s PGMs.
1
 South Africa produces 85 % of the global production 
of PGMs.
1
 PGMs as a commodity is extremely rare because of the relatively low abundances 
of these elements in the earth‟s crust (1 - 10 ng.g
-1




 and the difficult, 













Apart from the use of Pt as an investment metal and to produce jewellery, PGMs play a vital 
role in many industrial processes. PGMs are physiochemically inert
2
 and are therefore used 
for the production of high temperature- and corrosion resistant materials, i.e. for the 
processing of corrosive molten glass
6
 and the production of turbine blade coatings for jet 
engines
7
. Many PGMs also have the unique ability to expedite redox reactions and form the 
basis of many industrially important catalysts,
8
 e.g. Pt catalysts are employed for the 
oxidation of ammonia to nitric acid.
9
 The catalytic properties of PGMs were known since 
1823 and ensures the high demand for PGMs.
2
 The petroleum refining and pharmaceutical 
industries are dependent on PGM catalysts for various organic reactions such as the 
reforming and hydrogenation of organic molecules.
4
 The largest consumer of PGMs is the 
automobile industry where as much as 10 g PGMs are employed as automobile catalytic 
converters. In 2004 the automobile industry consumed 43 % Pt, 50 % Pd and  
85 % Rh of the global annual production of PGMs with a further increase reported each year, 
Figure 1.2.
10
 These catalytic converters are essential for the conversion of toxic exhaust 
fumes, such as carbon monoxide, volatile hydrocarbons and nitrogen oxides to more 
environmentally friendly compounds.
2
 The limited availability and high market value of 
PGMs has stimulated PGM recycling industries. However, because of the increasing demand 








Figure 1.2: The demand of PGM in the different areas of industry from 1975 - 2008.
5
 
1.2. Refining of PGM in industry 
The ore found in the Bushveld complex contains PGMs at concentrations of less than  
10 grams per ton (g/ t) and several mechanical and metallurgical procedures (i.e. flotation and 
smelting) are required to concentrate the PGMs into the range of 100 g/t.
4,5
 The PGMs are 




 in relatively concentrated HCl 
























separation and refining of the anionic PGM chlorido complexes are predominantly based  
on the subtle differences in the physiochemical properties of these PGM complexes,  
Scheme 1.1.
2
 The separation of Ru and Os from the feed solution is achieved by oxidative 







Refining of the 4 remaining PGMs demand techniques such as solvent extraction, ion 
exchange and selective precipitation to successfully isolate and purify these precious metals.
4
 
The oxidation states of the different PGM complexes and hence their overall charge, are 
exploited to successfully carry out such refining techniques, since their physicochemical 
properties are different.  
Stellenbosch University http://scholar.sun.ac.za
















 by means of solvent 




 species migrating to the organic phase.
14










requires more energy to desolvate and transfer to the organic phase. A similar method is 

























 species in a mixed PGM 
sample is of critical importance for efficient separation of Pt, Ir and Rh. Therefore, a clear 
understanding of the redox processes taking place in such a mixed PGM solution is 
imperative. 
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1.3. Redox chemistry to consider in a mixture of Ir, Pt, and ClO3
-
 
In industry the oxidation states of the respective PGM complexes are manipulated by 
rigorously controlling the oxidative potential of the solution. This is done by the addition of 
ClO3
-






 complex  
will oxidize to trans-[Pt
IV













 complex will also be oxidized by ClO3
-




 at a rate of  








 Furthermore, in 1968 Halpern and Pribanic have reported that a 
















 occurs in 
acidic matrices (kc).
17
 However, no information regarding the kinetics and thermodynamics 











 are illustrated in Scheme 1.2. In light of the above 








 redox kinetics to 




 will be affected. 
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1.4. Objectives of this study 




 species formation during ClO3
-









 solution in acidic matrices this project will focus on the 








. The specific aims of this 
project is listed below. 
 Determination of the standard reaction Gibbs energy (ΔG0rxn) or equilibrium constant 









 Obtain kinetic data for the redox reaction of [PtIICl4]2- and [IrIVCl6]2- in acidic, 
chloride rich matrices at varying reagent concentrations, ionic strengths and 
temperatures in order to derive and validate a suitable reaction rate model. 






























 and their respective aquation products to investigate 
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1.5. Background on electron transfer processes in transition metal chemistry 
There are two main classes of electron transfer processes, electron-exchange depicted as 
Reaction 1.1 and general redox reactions, e.g. Reaction 1.2. Electron-exchange reactions 
occur via two mechanisms, namely outer- and inner sphere.
18
 In an outer sphere electron-
exchange reaction, only the charge of the complex changes with no bond formation or bond 
dissociation taking place. A good example of such an outer sphere electron-exchange reaction 








, Reaction 1.1, where the  





  (1.1) 
1.2 
  (1.2) 
Electron-exchange reactions can also proceed via an inner sphere mechanism. Inner sphere 
mechanisms comprise of the formation of an intermediate species from the two reagent 
complexes by means of a bridging ligand. Electron transfer occurs through this bridged 




  (1.3) 
The energy profile of electron-exchange processes proceeds through a transition state with an 
energy maximum, Figure 1.3. The Gibbs free energy of activation (ΔG
†
) can be used to 
distinguish between inner- and outer sphere electron transfer processes and is given in 
Equation 1.4. The first term ( ) represents the loss of motional energy during the 
formation of the transition state and the ΔGa
†





 represents the change in energy caused by the rearrangement of the 
outer solvation sphere, whereas ΔGi
†
 is defined as the change in energy for the rearrangement 
of the first- or inner coordination sphere (ligands). In outer sphere reactions, ΔGi
†
 will be 
close to zero since the first coordination sphere does not rearrange during electron exchange 
and ΔGo
†
 will predominate ΔG
†
, e.g. Reaction 1.1. However, in inner sphere reactions the 
first coordination sphere rearranges, e.g. Reaction 1.3, and ΔGi
†
 is the major contributing 
Stellenbosch University http://scholar.sun.ac.za







 term will contribute significantly to the ΔG
†
 in reactions with analytes 


















Figure 1.3: The energy profile of any spontaneous electron-exchange reaction showing the standard reaction 
Gibbs energy (ΔG
0
rxn) and Gibbs energy of activation (ΔG
†
). 
Several theories to analyse electron transfer reactions have been established and will be 
discussed: 
1.5.1. Eyring’s transition state theory 
In 1935 Henry Eyring developed Transition State Theory (also referred to as activated 
complex theory) and this theory is considered as a significant improvement on the Arrhenius 
equation.
20
 In contrast to the Arrhenius equation, activated complex theory assumes the 
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Reaction 1.5 and Equation 1.6.
21
 Moreover, activated complex theory states that the activated 
complex [AB]
†
 is a stable molecular state. Activated complex theory allows for the 
calculation of the enthalpy of activation (ΔH
†
) and entropy of activation (ΔS
†
), which can be 
used to calculate the Gibbs energy of activation (ΔG
†





 results in a better understanding of how reactions occur. A schematic 
representation of the reaction energy profile as described by the activated complex theory is 




  (1.5) 
1.6 
  (1.6) 
1.7 













Figure 1.4: The energy profile of any spontaneous electron-exchange reaction as described by Transition State 
Theory showing the standard reaction Gibbs energy (ΔG
0
rxn) and Gibbs energy of activation (ΔG
†
). 
Transition State Theory assumes that the activated complex ([AB]
†
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1.5.2. Marcus theory 
Marcus theory was developed by Rudolph A. Marcus, starting in 1956, in order to understand 
outer sphere electron-exchange reactions.
23
 This theory was later extended to include  
inner sphere reactions.
24
 In contrast to Eyring‟s transition state theory, Marcus theory states 
that the activated complex is defined by weak interactions between the reagent molecules and 
the outer coordination sphere and therefore the theory does not interpret the transition state as 
a stable molecular state, Figure 1.5. The reaction is driven by the vibrational mode of the 
reagents in the reaction coordinate and the existence of a lower energy pathway results in the 
formation of the products. Furthermore, Marcus theory demonstrates the importance of 
solvent interactions and defines the Gibbs energy of activation (ΔG
†
) as a function of solvent 
polarization, Equation 1.8, where the reorganization term (λ) is defined as the sum of the 
outer coordination sphere rearrangement (λo) and the vibrational term of the inner 




  (1.8) 
1.9 
  (1.9) 
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Figure 1.5: The energy profile of any spontaneous electron-exchange reaction showing the standard reaction 
Gibbs energy (ΔG
0
rxn) and Gibbs energy of activation (ΔG
†
) as represented by the Marcus theory. 
In outer sphere reactions λo is the major contributing term and the ΔG
†
 is predominantly 
determined by solvent rearrangement in the outer coordination sphere, whereas in  
inner sphere reactions λi predominates and the ΔG
†
 is determined by the internal vibration of 
the first coordination sphere of the activated complex. This internal vibration of the activation 
state dictates whether the formation of the products or the dissociation back to the reagents 
will occur. 
1.6. Description of Equikin, for the simulation of the kinetic rate model 
An in-house developed program, Equikin (Visual Basic 6), will be implemented for the 
simulation of the proposed reaction rate model to the kinetic data.
26,27
 The program was 




 aquation, however was extended to 








. Equikin comprises of two main 
components working in tandem, a routine that integrates the differential rate equations by 
ΔG† 
Stellenbosch University http://scholar.sun.ac.za
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means of a Runge-Kutta algorithm
28
, and a Simplex algorithm
29
 routine that carries out the 
non-linear least-squares fitting to the experimental data. The Runge-Kutta method used for 
the integration of the rate equations is equivalent to a 4
th
 order Taylor method. These two 
methods differ in that the differential function is not differentiated four times with the  
Runge-Kutta method, resulting in the added advantage that less computational power is 
required. For simplicity an Euler method algorithm (1
st
 order Taylor method) is illustrated by 
Equations 1.10 – 1.15. The Simplex method was used for minimization of the least-sqaures 
error between the calculated and experimental data. When the calculated rate constants are 
updated during a Simplex routine iteration, a constant in the Runge-Kutta routine has also 
changed. Therefore, the integration routine must recalculate the theoretical concentrations for 
the species with the updated rate constants. The iteration cycles termination is controlled by 
set input value in the interface of Equikin. This value is indicative of rate constants or molar 
extinction coefficients that do not differ for further iterations. 
1.10 
  (1.10) 
1.11 
  (1.11) 
1.12 
  (1.12) 
1.13 
  (1.13) 
1.14 
   (1.14) 
1.15 

















Experimental Procedures and Instrumentation 
  
2.1. Preparation of kinetic samples 









 in the appropriate matrix (see Chapter 3). A water bath was used to regulate the 
temperature during sample preparation and subsequent analysis. The kinetic samples were 
covered with an aluminum foil casing to prohibits any ambient light from interacting with the 
complexes in solution. 
2.2. Analytical Instrumentation 
2.2.1. UV-Vis spectrophotometer 
Ultraviolet-visible (UV-Vis) spectroscopy (GBC Cintra 10e) was used for all kinetic 
analyses. The spectrophotometer was connected to a water bath for the regulation of 
temperature during analyses. 
2.2.2. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
An Ametek Spectro Arcos inductively coupled plasma-optical emission spectrometer  
(ICP-OES) was used for the quantification of Pt and Ir concentrations in all samples prepared 
for the kinetic experiments. The standard solutions were matrix matched to the acid 
concentration of the samples. 
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2.2.3: Ion-pair high pressure liquid chromatography (IP-HPLC) 
An Agilent 1260 Infinity high pressure liquid chromatographic (HPLC) system with 
polydiode array (PDA) detection and a Phenomenex 250 x 4.6 mm column packed with a  

















 and their respective aquation products. Successful separation of  
PGM chlorido aqua species were achieved through ion-pair liquid chromatography  
(IP-HPLC) with a high degree of success.
26,30
 The ion-pair chromatographic system utilizes 
the hydrophobicity and cationic charge of the tetrabutylammonium ions (TBA
+
) to form  
ion-pairs with the anionic PGM complexes for the retention of the anionic complexes on the  
C18 column. Therefore, the IP-HPLC system is limited to the separation of only the anionic 
















 and their 
respective aquation products an IP-HPLC method was developed. The mobile phase 




 acetate buffer solution at 

















 and their respective aquation products was carried out at 
varying concentrations of acetonitrile for optimization of the mobile phase composition 





concentration) results in an increased separation efficiency of the PGM species. At 








 species co-elute and 
the acetonitrile concentration must be 50 % or lower to obtain separation of these two 









decreases as the acetonitrile concentration is decreased. Therefore, an acetonitrile 


















 occurs on the guard column and is further discussed in chapter 4.4.3. In order to 
decrease analysis time a mobile phase gradient was used as shown in Figure 2.2. 
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, (c) unknown Pt
IV















































































 and their respective aquated products. 




 aquation was carried out with a similar IP-HPLC 
setup. A Varian Polaris HPLC equipped with a Varian Polaris solvent delivery system 
(Model 210) and a Varian Polaris autosampler (Model 410) was used. Reverse phase (C18) 
silica particles with an average particle diameter of 50 m were packed into a 250 x 4.6 mm 
column via Kirkland‟s fill-tap method.
31
 This column was used for the separation of the 
[IrCln(H2O)6-n]
3-n
 (n = 4-6) series of complex anions (see Chapter 4.2.4). Sufficient separation 
of the [IrCln(H2O)6-n]
3-n
 (n = 4-6) species were achieved using an isocratic method with the 
mobile phase consisting of a 5mM TBA
+
 solution in 46 % acetonitrile. A Varian Polaris dual 
wavelength UV-Vis detector was coupled to the outlet of the column for detection of the 
analytes. 
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2.2.4. Electrospray ionization mass spectrometry (ESI MS) 





 was carried out on a Synapt G2 quadrupole time-of-flight mass spectrometer  
(Waters, Milford, MA, USA) in the negative mode (see Chapter 3.6). A capillary  
voltage of 2.5 kV with changing cone voltages (15 - 100 V) were used, (desolvation  




The PGM chlorido salts used in this study (Na2IrCl6∙6H2O, K2PtCl4∙xH2O, Na2PtCl6∙6H2O 
and K3IrCl6∙xH2O) were obtained from Sigma-Aldrich and Johnson Matthey. The purity of 
the PGM chlorido salts were verified with UV-Vis spectroscopy (see Chapter 3.2). HCl, 
HClO4, NaCl and NaClO4 were acquired from Sigma-Aldrich and were used for the 
modification of the sample matrices during the kinetic investigations. HPLC grade 




) were obtained from Sigma-Aldrich 
and were used for the preparation of mobile phases for the IP-HPLC analyses  
(see Chapter 2.3.3). Only Milli-Q water (0.22 μm membrane filter, 18 Ω) was used during the 




























 have shown that the rate of ligand exchange reactions with respect 
to Pt
IV
 complexes is significantly enhanced by the presence of Pt
II
 in the reaction mixture. In 













 Evidence for the existence of such a Pt
III
 









, by means of laser flash photolysis.
37
 However, the mechanism proposed  
by Rich and Taube
36













  (3.1) 
3.2 
  (3.2) 
In contrast to the mechanism proposed by Rich and Taube
36
, Basolo and Pearson proposed 
the formation of a halide bridged intermediate complex that dissociates via a transfer of 
chloride and 2 electrons. In this process Pt
II




 is reduced to Pt
II
. The 
reaction mechanism proposed by Basolo and Pearson
32-34
 is now generally accepted and is 


















In a subsequent study conducted by Taube
36













 is also 









, Reactions 3.3 and 3.4, yields Reaction 3.5 from which the 
standard reaction Gibbs energy (ΔG
0
rxn) can be calculated using Equation 3.6. From the 
relative large negative ΔG
0
rxn = -42.45 kJ.mol
-1
 (Keq = 2.73 x 10
7
) it can be inferred that Ir
IV
 
will be spontaneously reduced by Pt
II
 to form Ir
III
. The depletion of the Pt
II
 concentration can 













  0.96V (3.3) 
3.4 
  0.74V (3.4) 
3.5 
  (3.5) 
3.6 
  (3.6) 








 for the 
PGM refining industry, it is anticipated that this redox reaction might have interesting 
analogous mechanistic aspects with the mechanisms proposed by both Taube
36
 and  
Pearson
32-34




 system (vide infra Chapter 4). We report here a detailed kinetic 








 in well-defined acidic aqueous 
matrices with the aim of establishing whether a Pt
III









, and to acertain how this reaction will influence the ClO3
-
 
oxidation scheme shown in Scheme 1.2.  


































 were prepared by 
dissolving the respective salts (Na2IrCl6∙6H2O, K2PtCl4∙xH2O, Na2PtCl6∙6H2O, 
K3IrCl6∙xH2O) in a 6.0 M HCl matrix. The relatively high HCl matrix is necessary to 
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suppress aquation reactions. All metal ions were standardized by means of ICP-OES analysis 
and the UV-Vis spectra for these solutions were recorded in the wavelength range from 200 - 
700 nm, Figure 3.1 (a) - (d).  
(a)
Wavelength/ nm














































































































































, all in a 6.0 M HCl matrix 

















 complexes compare well to those reported in literature at selected peak maxima, 











 at 413 nm may be due to the presence of Ir
IV
. However, after the addition of 
hydrazine the same molar extinction coefficient was obtained. 
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Table 3.1: Summary of the molar extinction coefficients of species represented in Figure 3.1 (a) - (b).  







































2- 24349 ± 57 26062 40 262 < 1 
 












 are significantly 




 at 488 nm, Table 3.1. If 





absorbance will account for 98.7 % of the total absorbance at 488 nm. The absorbance 












) is thus 
negligible
a




 species concentration as 
the redox reaction progresses with time at 488 nm. 









as a function of time and reaction stoichiometry 

















 in a 3.0 M HCl matrix. The resulting UV-Vis spectra are 
shown in Figure 3.2. 
                                                 
a
 Especially when the reaction is far from completion. 
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t = 1 min
t = 63 min
 








 observed with UV-Vis spectroscopy, as a function of time. 
Spectra were recorded every 1.5 minutes. 









. Only below 380 nm is an increase in absorbance 
observed. After 5 hours, the UV-Vis spectrum does not change anymore, indicating that the 
reaction has gone to completion, i.e. equilibrium is reached. The UV-Vis spectrum of a 5 fold 
dilution of this sample is shown in Figure 3.3. If it is taken into account that the equilibrium 
constant for this redox reaction is relatively large (Keq = 2.73 x 10
7
), it is a good 








 are negligible, 




 at 262 nm is 












. It can therefore be 









 approximately 95.2 %. 
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  (3.7) 
3.8 
  (3.8) 
Wavelength/ nm





















 after a reaction time of 5 hours. The 









 concentration after the redox reaction is completed should be 0.101 mM and 
corresponds to an absorbance at 262 nm equal to 0.492. This compares well with the 
absorbance of 0.504 obtained experimentally at 262 nm for the reaction sample, Figure 3.3, 




 formed. The stoichiometry for this 







































comprise of varying the reagent concentration, ionic strength and temperature in order to 
assess how these parameters influence the reaction rate. 









 concentration on the redox reaction rate, 




 and  




 concentration, Table 3.2. For each sample the 
absorbance was recorded as a function of time, at 488 nm, Figure 3.4. Temperature was 
regulated during the sample preparation and subsequent kinetic runs at 301.1 ± 0.2 K. 








 and HCl in the prepared samples for the investigation of 



















0.2149 0.0260 2.730 
0.2128 0.0456 2.730 
0.2143 0.1163 2.730 
0.2240 0.2462 2.730 
0.2077 0.4644 2.730 
0.2167 0.9778 2.730 
0.2014 1.4225 2.730 
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] = 0.026 mM
[Pt
II
] = 0.046 mM
[Pt
II
] = 0.116 mM
[Pt
II
] = 0.246 mM
[Pt
II
] = 0.464 mM
[Pt
II
] = 0.978 mM
[Pt
II
] = 1.423 mM
 








at 488 nm measured as a 









concentration = 0.213 ± 0.007 mM, HCl concentration = 2.730 M, monitored at a temperature of 
301.1 ± 0.2 K 




 increases, the rate of the reaction increases. It is therefore 








 concentration, from 
which the preliminary rate law can be derived, Equation 3.9. The reaction order (x) with 




 concentration must still be evaluated (vide infra). 
3.9 
  (3.9) 
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 concentration on the reaction rate a series of samples were 









 concentration, Table 3.3. For each sample the absorbance was recorded 
as a function of time at 488 nm, Figure 3.5. Temperature was regulated during the sample 
preparation and subsequent kinetic runs at 301.1 ± 0.2 K. 








 and HCl in the prepared samples for the investigation of 



















0.0528 0.2381 2.730 
0.1077 0.2403 2.730 
0.2113 0.2334 2.730 
0.4313 0.2374 2.730 
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] = 0.053 mM
[Ir
IV
] = 0.108 mM
[Ir
IV
] = 0.211 mM
[Ir
IV
] = 0.431 mM
 








 measured at 488 nm as 









concentration = 0.237 ± 0.003 mM and HCl concentration = 2.730 M, monitored at a temperature 
of 301.1 ± 0.2 K 




 concentration, an increase in the reaction rate can be 














 concentration, Equation 3.10. The reaction order (y) still needs to be evaluated  
(vide infra). 
3.10 
  (3.10) 
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3.4.3. Reaction rate as a function of ionic strength 









HCl (0.80 M) remained constant at varying ionic strengths. The ionic strength was adjusted 
by the addition of NaClO4 and the absorbance was recorded as a function of time, at 488 nm,  
Figure 3.6. Temperature was regulated during the sample preparation and subsequent kinetic 
runs at 301.1 ± 0.2 K. 
Time/ seconds













Ionic Strength = 0.80 M
Ionic Strength = 1.05 M
Ionic Strength = 1.30 M
Ionic Strength = 1.55 M
Ionic Strength = 1.80 M
Ionic Strength = 2.30 M
 
Figure 3.6: Investigation of the effect of ionic strength on the redox reaction rate by means of UV-Vis 








 was reacted 
at a constant temperature of 301.1 ± 0.2 K. 
From Figure 3.6 it is clear that as the ionic strength increases a relatively large increase in the 









 would decrease and therefore the reaction rate should 
decrease. However, the opposite trend is experimentally observed and will be discussed later. 
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3.4.4. Reaction rate as a function of temperature 








 were prepared in a 2.73 M HCl matrix,  
Table 3.4. The redox reaction was monitored as a function of time at 488 nm, over the 
temperature interval of 301.1 - 310.1 ± 0.2 K, Figure 3.7. As the temperature increases the 
reaction rate increases.  








 and HCl in the prepared samples for the investigation of 

















301.1 0.2275 0.2316 2.730 
304.1 0.2224 0.2326 2.730 
307.1 0.2251 0.2339 2.730 
310.1 0.2232 0.2333 2.730 
 
Figure 3.7: Dependence of the reaction rate on temperature. The UV-Vis absorbance was measured at 488 nm 









 and 2.73 M HCl, Table 3.4. 
Time/ seconds




























3.4.5. Reaction rate as a function of acid concentration 
Varying the acid concentration of the sample matrix will help to determine if this redox 









 remained constant with varying mole fractions of HCl and NaCl.  
The sum of HCl concentration and NaCl concentration was always equal to 2.73 M. For each 
sample the absorbance was recorded as a function of time at 488 nm, Figure 3.8. Temperature 
was regulated during the sample preparation and subsequent kinetic runs at 301.1 ± 0.2 K 
Time/ seconds














] = 2.48 M
[H
+
] = 2.23 M
[H
+
] = 1.98 M
[H
+
] = 1.73 M
[H
+
] = 1.23 M
[H
+
] = 0.73 M
 









 was reacted at a constant Cl
-
 concentration of  
2.73 M. The UV-Vis absorbance at 488 nm was measured as a function of time. 
As the acid concentration increases, a negligible increase in the reaction rate is observed, 
Figure 3.8. The minor changes in reaction rate can be attributed to a slight change in ionic 
strength when HCl is replaced by NaCl. The negligible change in reaction rate implies that 





 are not formed during the redox reaction since the rate of formation of such species is 
dependent on the acid concentration. 
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. If the redox reaction was to proceed through a single reaction step, 













, Equation 3.11. However, this rate model yielded poor 
fits to the experimental data and was discarded. 
3.11 
  (3.11) 













 1 electron can be 
transferred to the Pt
II
 complex to form a postulated Pt
III
 species. The postulated Pt
III
 species 
reacts with another Ir
IV
 complex, Reaction 3.13, and in the process Pt
III
 is transformed to the 
observed Pt
IV
 species.  
3.12 
  (3.12) 
3.13 
  (3.13) 
From Reactions 3.12 and 3.13 the multi-step reaction rate model, Equations 3.14 - 3.18, can 








 (x and y) are both 
equal to one if the assumption holds that Reactions 3.12 and 3.13 are elementary steps. 
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  (3.14) 
3.15 
  (3.15) 
3.16 
  (3.16) 
3.17 
  (3.17) 
3.18 
  (3.18) 
Using the program Equikin, the multi-step reaction rate model, Equations 3.14 - 3.18, was 
simulated and the non-linear least squares fits obtained are shown in Figures 3.9 and 3.10. 
The calculated rate constants and molar extinction coefficients are listed in Table 3.5. 
Table 3.5: Rate constants and molar extinction coefficients, calculated by simulation of the multi-step reaction 

































0.2149 0.0260 7.51 15.43 4046 15 1 1 7 
0.2128 0.0456 6.96 27.74 4091 7 30 2 18 
0.2143 0.1163 6.70 52.02 4033 16 19 0 1 
0.2240 0.2462 7.05 54.18 3966 31 15 1 1 
0.2077 0.4644 7.32 90.56 3950 36 16 1 1 
0.2167 0.9778 6.54 359.27 3932 32 14 1 1 
0.2014 1.4225 6.58 20995.75 3889 33 15 1 1 
0.0528 0.2381 7.33 243.81 4009 33 15 1 1 
0.1077 0.2403 7.17 105.38 4013 30 15 1 1 
0.2113 0.2334 7.39 52.95 4089 29 14 1 1 
0.4313 0.2374 6.87 32.25 4013 17 33 1 0 
Average 7.04 2002.67 4003 25 17 1 3 
Standard Deviation 0.34 6300.18 63 10 9 0 5 
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] = 0.026 mM
[Pt
II
] = 0.046 mM
[Pt
II
] = 0.116 mM
[Pt
II
] = 0.246 mM
[Pt
II
] = 0.464 mM
[Pt
II
] = 0.978 mM
[Pt
II
] = 1.423 mM
Theoretical Fits
 
Figure 3.9: The non-linear least-squares fits of the multi-step reaction rate model described by  




 concentrations. The dotted plots represent the 
experimental data with the simulated functions represented by the solid lines. 
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] = 0.053 mM
[Ir
IV
] = 0.108 mM
[Ir
IV
] = 0.211 mM
[Ir
IV
] = 0.431 mM
Theoretical Fits
 
Figure 3.10: The non-linear least-squares fit of the multi-step reaction rate model described by  




 concentrations. The dotted plots represent the 
experimental data with the simulated functions represented by the solid lines. 
For each individual kinetic data set, excellent fits between the experimental and calculated 
data is obtained. Consistent k1 values, Table 3.5, were obtained with an average value of  




. However, the calculated k2 varies considerably with an average value 






















). Because k2 > k1 
and in some cases k2 >> k1, it is clear that the first oxidation reaction of Pt
II
, Reaction 3.12, is 
the rate determining step. In order to explain the relatively large variation in the calculated k2 
values an understanding of the chemical nature, or rather the reactivity of each species 

























well-defined HCl matrices, have been reported.
36,37,41-43
 Glebov et al. were able to record the 




 complex anion in the range of 300 - 500 nm by means of laser 






 have reported  



















 species (spectrum 5 of this figure) as obtained by laser 







 complex anion is reported to have a short lifetime of 100 µs, and that Pt
III
 
form a wide variety of aqua-hydroxido-chlorido complexes.
42,45
 Moreover, the rate constant 













In addition, the rate constant reported for the disproportionation reaction of Pt
III









 Both reactions were described as diffusion controlled/ limited. If the 
disproportionation reaction of Pt
III




, occurs to a significant extent in 









would be observed, which is clearly not the case here. We rationalize this result in terms of 




 in the sample compared with the relatively low 
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 concentration present. In essence the probability that Pt
III









 encounter and explains why this disproportionation reaction 
does not occur to a significant extent in our redox system. 
Taking into account that Pt
III
 is a highly reactive species allows for further refinement of the 
reaction rate model. If we now assume that the second redox reaction, Reaction 3.13, is 
diffusion controlled, then k2 is at least 10
6
 times larger than k1, Reaction 3.12. To this end, k2 
can be described as infinitely large with respect to k1, which will have a considerable effect 
on the formulation of the rate law for this redox reaction. As soon as the rate limiting reaction 
takes place, Reaction 3.12, the subsequent reaction, Reaction 3.13, will occur almost 
instantaneously (k2 = ∞). Therefore, the Pt
III
 concentration at any given time during the redox 
reaction is insignificantly small (Pt
III
 = 0) and the rate model can be approximated by 
applying the steady state approximation, Equations 3.19 - 3.22. The multi-step reaction rate 
model given by Equations 3.14 - 3.18 then transform to the diffusion controlled rate model, 













 decreases essentially 






  (3.19) 
3.20 
  (3.20) 
3.21 
  (3.21) 
3.22 
  (3.22) 
3.23 
  (3.23) 
3.24 
  (3.24) 
3.25 
  (3.25) 
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Using the program Equikin, the diffusion controlled rate model (Equations 3.22 - 3.25) was 
simulated. The non-linear least-squares fits are illustrated in Figures 3.12 and 3.13 and the 
calculated rate constants and molar extinction coefficients are listed in Table 3.6.  
Table 3.6: Rate constants and molar extinction coefficients calculated by simulation of the diffusion controlled 
rate model, Equations 3.22 - 3.25, on the experimental data 






























0.2149 0.0260 5.81 4040 5 4 2 
0.2128 0.0456 5.64 3977 0 754 1 
0.2143 0.1163 6.79 4273 3 1 1 
0.2240 0.2462 6.85 4385 34 1 1 
0.2077 0.4644 6.94 4469 46 8 0 
0.2167 0.9778 6.49 4232 32 14 1 
0.2014 1.4225 6.50 3856 32 15 1 
0.0528 0.2381 6.95 4364 21 16 1 
0.1077 0.2403 6.76 4384 19 17 1 
0.2113 0.2334 6.94 4468 7 3 26 
0.4313 0.2374 6.94 4385 2 1 5 
Average 6.60 4258 18 76 4 
Standard Deviation 0.46 209 16 225 7 
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] = 0.026 mM
[Pt
II
] = 0.046 mM
[Pt
II
] = 0.116 mM
[Pt
II
] = 0.246 mM
[Pt
II
] = 0.464 mM
[Pt
II
] = 0.978 mM
[Pt
II
] = 1.423 mM
Theoretical Fits
 





 concentrations. The dotted plots represent the experimental data with the 
simulated functions represented by the solid lines. 
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] = 0.053 mM
[Ir
IV
] = 0.108 mM
[Ir
IV
] = 0.211 mM
[Ir
IV
] = 0.431 mM
Theoretical Fits
 





 concentrations. The dotted plots represent the experimental data with the 
simulated functions represented by the solid lines. 





 concentration, Figure 3.12. The calculated values obtained for k1, 




. This value 
compares well to the k1 value obtained with the multi-step reaction rate model,  




). The calculated molar extinction 




 complex anion at 488 nm are also consistent, with an average 




. This molar extinction coefficient is slightly higher in 













 concentration during the second redox reaction,  
Reaction 3.13, is slightly slower than proposed by the diffusion controlled rate model, 
Equations 3.22 - 3.25. The least squares fitting routine in the program Equikin compensates 




. Moreover, the 

















is less than 8 % and is reasonably small when compared to the uncertainty in the calculated 
molar extinction coefficient of 5 %. The average rate constant (k1) and molar extinction 
coefficients numerical values, listed in Table 3.6, were then used to simulate all the 
experimental data, Figures 3.14 and 3.15.  
Time/ sec














[PtII] = 0.026 mM
[PtII] = 0.046 mM
[PtII] = 0.116 mM
[PtII] = 0.246 mM
[PtII] = 0.464 mM
[PtII] = 0.978 mM
[PtII] = 1.423 mM
Theoretical Fit
 
Figure 3.14: Fits of the average rate constant and molar extinction coefficients, Table 3.6, to the kinetic data 




































] = 0.053 mM
[Ir
IV
] = 0.108 mM
[Ir
IV
] = 0.211 mM
[Ir
IV
] = 0.431 mM
Theortical Fit
 
Figure 3.15: Fits of the average rate constant and molar extinction coefficients, Table 3.6, to the kinetic data 





The correlation between the simulated and experimental data, Figures 3.14 and 315, using the 
average rate constant (k1) and molar extinction coefficients are in good agreement. However, 




, Figure 3.14, the calculated data do not exactly overlay 
with the experimental data. This can be explained in terms of the larger average molar 




 calculated with the diffusion controlled rate model,  
Table 3.6. However, the good fits support the assumption made with respect to the diffusion 
controlled rate model, Equations 3.22 - 3.25, that the Pt
III
 concentration is negligible at any 
given time during the kinetic run. Moreover, the experimental data can only be accounted for 
by the postulation of a Pt
III
 species in the rate model, albeit at low concentrations. 
Using the program Equikin, the kinetic data set at variable ionic strength was simulated with 
the diffusion controlled rate model, Equations 3.22 - 3.25. The non-linear least squares fits 
are shown in Figure 3.16 with the calculated rate constant (k1) and molar extinction 
coefficients listed in Table 3.7. 
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Table 3.7: Rate constants and molar extinction coefficients calculated by simulation of the diffusion controlled 
rate model, Equations 3.22 - 3.25, on the experimental data at variable ionic strength 
Concentration of 
Analytes/ mM 
Concentration of Ionic 































0.220 0.240 0.80 0.00 0.713 4284 3 1 0 
0.220 0.240 0.80 0.25 1.366 3803 82 23 2 
0.220 0.240 0.80 0.50 1.802 3896 18 16 1 
0.220 0.240 0.80 0.75 2.195 3937 27 14 1 
0.220 0.240 0.80 1.00 3.108 3815 39 14 0 
0.220 0.240 0.80 1.50 5.329 3817 47 9 1 
Time/ seconds













Ionic Strength = 0.80 M
Ionic Strength = 1.05 M
Ionic Strength = 1.30 M
Ionic Strength = 1.55 M
Ionic Strength = 1.80 M
Ionic Strength = 2.30 M
Theoretical Fit
 
Figure 3.16: The non-linear least-squares fits of the diffusion controlled rate model, Equations 3.22 - 3.25, at 
varying ionic strength. The dotted plots represent the experimental data with the simulated 
functions represented by the solid lines. 
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The calculated rate constant (k1) increases with an increase in NaClO4 concentration as 
illustrated in Figure 3.17. To account for this counterintuitive trend it should be noted that 
both reactants are negatively charged and will repel each other. With an increase in ionic 
strength the Na
+
 concentration increases, leading to the formation of presumably solvent 
separated ion-pairs that can lower the repulsion between reactants.
18
 This will cause a 
decrease in the Gibbs energy of activation (ΔG
†
), Equation 1.4, resulting in an increase of the 
reaction rate, which is consistent with the results observed in Table 3.7. This trend is also 
reflected in the data reported by Taube and Myers for a similar redox system.
19
 Quantitative 
validation of this postulation is currently underway with a density functional theory-
molecular dynamics (DFT-MD) simulation. 
Ionic strength/ M































Figure 3.17: A plot of the calculated rate constant (k1) listed in Tabe 3.7 vs. ionic strength representing the 
dependence of the reaction rate on the change in ionic strength. 
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Using the program Equikin, the variable temperature data set was simulated with the 
diffusion controlled rate model, Equations 3.22 - 3.25, and the non-linear least squares fits are 
illustrated in Figure 3.18. The fits obtained for each individual kinetic run is excellent. The 
calculated rate constant (k1) and molar extinction coefficients are listed in Table 3.8.  
Table 3.8: Rate constants and molar extinction coefficients calculated by simulation of the diffusion controlled 




































301.1 0.2275 0.2316 6.42 4189 8 55 1 
304.1 0.2224 0.2326 7.71 4270 1 51 1 
307.1 0.2251 0.2339 8.80 4269 2 52 0 
310.1 0.2232 0.2333 10.17 4351 2 57 0 
Time/ seconds












Temp = 301.1 K
Temp = 304.1 K
Temp = 307.1 K
Temp = 310.1 K
Theoretical Fits
 
Figure 3.18: The non-linear least-squares fits of the diffusion controlled rate model, Equations 3.22 - 3.25, at 
varying temperature. The dotted plots represent the experimental data with the simulated functions 
represented by the solid lines. 
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Figure 3.19: The Eyring plot of the calculate rate constants as obtained by the diffusion controlled rate model, 
Equations 3.22 - 3.25, at varying temperature. 
Using the Eyring equation
22
, Equations 3.26 and 3.27, a plot of ln(k1/ T) vs 1/ T is shown in 
Figure 3.19. A linear trend was obtained, indicating that the enthalpy of activation (ΔH
†
) is 
not dependent on temperature in the range of 301.1 - 310.1 K. Moreover, the linear 
relationship further support the proposed diffusion controlled rate model. From the slope and 
intercept the enthalpy of activation (ΔH
†
 = 36.65 ± 0.24 kJ.mol
-1
) and entropy of activation 
(ΔS
†




) were calculated. The Gibbs energy of activation (ΔG
†
) can 
be calculated using Equation 3.28. This correlates to a value of ΔG
†
 = 68.77 ± 0.15 kJ.mol
-1
 
at 298.1 K. The relatively large negative value obtained for ΔS
†
 is indicative of a reaction that 
occurs via an associative mechanism.
46
 During formation of the activated complex the 
reagent complexes „combine‟, therefore decreasing the range of vibrational, translational and 



















  (3.26) 
3.27 
  (3.27) 
3.28 
  (3.28) 
3.6. Evidence for the existence of Pt
III
 chlorido species in the gas-phase by ESI-









 was prepared in acetonitrile and analysed by high resolution  
ESI-Q-TOF-MS. The analysis was carried out in the cone voltage range of 15 to 100 V and 





anion undergoes substantial fragmentation during analysis, the extent of which increases with 
an increase in cone voltage.
47











Cl) results in a characteristic isotopologue
b
 peak pattern for 
each anionic complex, which in conjunction with high resolution spectral data produces a 
„fingerprint‟ that can be used to identify a given species. The isotopogolue peak pattern in the 
m/z range of 201.891 - 206.889, Figure 3.20 (a), is separated by half m/z units, signifying a 







 However, there is a lack of agreement between the m/z values of the experimental and 
calculated data with an m/z deviation of 1. Therefore, we propose that this isotopologue peak 




 complex anion, supported 
by the excellent agreement between the experimental isotopologue peak pattern intensities 
and m/z ratios with those calculated, Figure 3.21 (a) and (b). The parent ion is instead 
observed as the sodium ion-pair adduct ([M+Na]
-
) at the m/z range of 426.765 - 434.757.  
                                                 
b
 Isotopologues refer to complexes with the same chemical formula but differ in the isotope content of the 
complexes. 
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 as a 
function of cone voltage.  
Assignment of the other fragments observed in Figure 3.20 are given in Figure 3.21 (c) - (h) 
and for each fragment excellent agreement between the experimental isotopologue peak 
pattern intensities and m/z rations with those calculated are obtained. With an increase in the 
applied cone voltage the abundance of the parent fragment decreases and the relative 
percentage of the lower oxidation state Pt species increase, through the stepwise reduction of 
[PtCl6]
2-
 in the gas phase.
47





, Figure 3.21 (e), and gives supporting evidence for the existence of a 
Pt
III
 chlorido complex in the gas phase. 
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3.7. Simulation of the ClO3
-
























 is approximately 50 times 
























































, which is much faster 
























































 be formed in relatively high 
concentrations. The simulation of the ClO3
-









is shown in Figure 3.22. 
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Figure 3.22: Simulation of the ClO3
-








 with the consideration of 













 can be observed. 
The ClO3
-








 was simulated to further 

















 during the simultaneous ClO3
-













 concentration in 





 is present. This is compared to the ClO3
-









, Figure 3.23 (b), where no induction period is observed. 
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 during the simultaneous ClO3
-



























3.8. Concluding remarks 








, Reactions 3.3 
and 3.4, the standard reaction Gibbs energy for Reaction 3.5 (ΔG
0
rxn = -42.45 kJ. mol
-1
) was 
calculated. The large negative ΔG
0



























stoichiometric relationship was verified by monitoring the UV-Vis spectral changes of the 
redox reaction as a function of time, Figure 3.2 and 3.3, until equilibrium was reached. The 
molar extinction coefficients of the reagent and product species were experimentally 




 complex anion has a relatively large 












 which allows 
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 species concentration during a kinetic run at 
488 nm. 









that the reaction rate is dependent on the concentration of both species, with an increase in 








 is increased,  









. An increase in temperature increases the reaction rate, Figure 3.7, whereas an 
increase in acid concentration has a negligible effect on the reaction rate, Figure 3.8. It was 
found that the redox reaction is not acid catalysed. Increasing the ionic strength considerably 
enhances the reaction rate, Figure 3.7, and it is postulated that the Na
+
 ions form  
solvent-separated ion-pairs with the reagents. These solvent-separated ion-pairs decrease the 
activation Gibbs energy barrier (ΔG
†
) by decreasing the repulsion between the reactants. 
Reactions 3.12 and 3.13, was used to derive the multi-step reaction redox rate model, 
Equations 3.14 - 3.18. With this rate model consistent rate constants for k1  













) were obtained. However, inconsistent k2 values  




) were calculated. Taking into account that the Pt
III
 species 
is highly reactive the steady state approximation, Equations 3.19 - 3.21, was applied and 
resulted in the diffusion limited rate model, Equations 3.22 - 3.25. The calculated rate 













) obtained with the diffusion controlled rate model were consistent 
and compared well with those obtained by the multi-step reaction rate model,  
Equations 3.14 - 3.18. Furthermore, the assumption that k2 >>> k1 is verified by the 
consistency of the calculated values and the excellent least squares fits,  
Figures 3.12 and 3.13, to the data. The calculated rate constants (k1) at different temperatures 
were used to construct an Eyring plot, Figure 3.19. A linear trend was obtained, validating the 
diffusion controlled rate model. The gradient and intercept of the Eyring plot were used to 
determine the enthalpy of activation (ΔH
†
 = 36.65 ± 0.24 kJ.mol
-1
) and entropy of activation  
(ΔS
†




) and the Gibbs energy of activation was calculated using 
Equation 3.28, (ΔG
†
 = 68.77 ± 0.15 kJ.mol
-1
 at 298.1K). The relatively large negative value 
obtained for ΔS
†
 is indicative of a reaction that occurs via an associative mechanism. In 
addition, the good fits obtained with the diffusion controlled rate model prove the formation 
and subsequent reaction of a Pt
III
 species during Reactions 3.12 and 3.13. The redox reaction 
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 oxidation with ClO3
-






) is much slower 




































. This is shown in the simulation of this reaction system, 
Figures 3.22 and 3.23 
Evidence for the existence of a Pt
III
 chlorido complex in the gas-phase was obtained by direct 




. The analysis was carried out over a cone 




 fragmentation increases as the cone 




 was assigned based on the 


























In the 1950‟s Taube and co-workers investigated the mechanistic aspects of several redox 











 In one of these studies, it was  


















 species. According to Taube and Myers, the chloride bound to Co
III
 was 




 complex through a chloride bridged intermediate, 




  (4.1) 
4.2 
  (4.2) 
In the following 2 decades the interest in this topic of halide bridged intermediates  
steadily increased
50-54




 redox system,  
Reactions 3.1 and 3.2.
32-36,55
 It is postulated that halide bridged intermediates decreases the 
















Furthermore, this process circumvents the formation of high-energy intermediates as is 




, Reactions 4.1 and 4.2, which is 
approximately 10
11





















, Reaction 3.12, yielded a negative entropy of activation  
(ΔS
†




). This relatively large negative ΔS
†
 value is indicative of an 


















 does not take place during this reaction, the product species that form 






Cl4(H2O)2]. On the contrary, if 








 proceeds via a chloride transfer mechanism, the 








. In order to ascertain 
whether chloride transfer occurs it is the aim of this chapter to develop an IP-HPLC method 













 , Reaction 3.12, in a chloride deficient matrix. However, in the time 
span that reduction takes place aquation can also occur and therefore the rate of aquation with 
















 complex anions were also 
investigated. 

















 in acidic matrices,  
Reactions 4.3 and 4.4.
39
 In a 0.50 M HCl matrix the extent of aquation is limited and at 
equilibrium (Keq = 1.30 x 10
-2









complex anion with no higher aquated species detected.
39
 At HCl concentrations above  




 is negligible, Reaction 4.4. The aquation (ka) and 
anation (k-a) rate constants for Reaction 4.3 (at 0.5 M HClO4) reported by Elding are:  










 and a concentration time profile is shown in 
Figure 4.1. 
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 and anation of [PtIICl3(H2O)]
-
, Equation 4.3, in  
0.5 M HClO4. 




 complex in 0.5 M HClO4 is relatively slow 




 forms in a timeframe of 1500 seconds (25 minutes).  
4.3 
  (4.3) 
4.4 
  (4.4) 




 in acidic media is relatively 
slow.
57-61
 After dissolution of Na2PtCl6 crystals in water we found that after 5 hours no 




 However, the effect of 
light on this reaction rate has been the topic of many investigations
42,58-61
 and it has been 




 is irradiated at 313 nm a significant enhancement in the rate of 















 Koch et.al. determined the stability constants 
for Reactions 4.5 and 4.6 as log( )= 1.75 ± 0.05 and log( ) = 2.71 ± 0.15 
respectively.
57

























 is equal to 0.14 (in a 0.10 M HCl matrix) with the higher aquated species 
contributing less than 0.01. 
4.5 
  (4.5) 
4.6 





 complex in low concentration HCl matrices is indefinitely stable. It was 




 at room temperature, does 
not undergo any significant changes in a timeframe of at least seven days.
63
 However, in the 

































 in well-defined acidic, chloride rich 
matrices were investigated previously.
38,65,66
 However, due to small differences in the  








, separation of the Ir
III
 species was required 
(using ion-exchange columns) before analysis. Moreover, the resulting Ir
III
 fractions were 
then oxidized with Cl2 gas to form the corresponding Ir
IV
 species and subsequently analyzed 











 (n = 4-6) series of 
complex anions were separated with paper electrophoresis, followed by quantification 
through neutron activation. Although this is a tedious and time consuming process to obtain 
the required results the necessity of oxidizing Ir
III
 is removed.  









Reactions 4.7 and 4.8, with respect to deducing the redox reaction mechanism and the 
relatively large differences between reported kaq1 and kaq2, Table 4.1, an IP-HPLC method 
























  (4.7) 
4.8 
  (4.8) 





(n= 4-6) series of complex anions. 
K3IrCl6·xH2O was dissolved in a solution consisting of 4.0 M NaCl and 0.1 M HCl and stored 
at 295.1 K for 33 days to ensure that equilibrium is reached. At equilibrium it is  




 form  
(Keq = 0.295 at 3.4 M HCl)
38
. The sample was subsequently diluted (x15) and immediately 


















Chromatographic Retention Time/ min












































Chromatographic Retention Time/ min







































Figure 4.2: IP-HPLC separation of the [IrIIICln(H2O)n-6]
3-n (n= 4-6) series of complex anions in 4.1 M chloride after 
33 days (4.0 M NaCl and 0.1 M HCl) detected at 254 nm. (a) shows the complete chromatogram 
and (b) shows the higher aquated species present at relatively low concentrations. 
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 (n= 4-6) series of 
complex anions exhibits five distinct peaks ,Figure 4.2 (a) and (b). The chromatographic trace 





(n= 4-6) series of complex anions as governed by the overall charge of each species.
26
 The 
first peak eluting at 2.4 minutes is assumed to contain the neutral and positively charged 
species since no retention is observed. Two small peaks are observed at retention times of  









. It could not be experimentally determined which stereoisomer elutes 









 species. The peaks eluting at 6.3 and 12.9 minutes are 








 species respectively. The UV-Vis 


















, Reaction 4.7, in the column.  






















 sample in a 
0.10 M HCl matrix. At regular time intervals this sample was diluted 15 fold and injected 
onto the column under optimized IP-HPLC conditions and at a constant temperature of 295.1 
K, Figure 4.3. The experiment was carried out over a timeframe of 22 000 minutes and the 
Ir
III
 species were detected by UV-Vis at 254 nm.  
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 (n= 4-6) series of complex anion amounts as a function of 
time at 295.1. (Note: Reaction Time illustrated on a logarithmic scale)  
From the chromatographic data in Figure 4.3 it is clear that the peak area at 12.9 minutes 
decrease with increasing reaction time. This gradual decrease is accompanied by an increase 
in the peak area at 6.3 minutes, followed by a subsequent decrease in this peak area at an 
approximate reaction time of 2800 minutes. Furthermore, the decrease in the peak area at  
6.3 minutes is associated with an increase in the peak area at 3.7 minutes. This trend 
































 does not occur and confirms our observations.
38,67
 In the 









therefore be rewritten as, Reactions 4.9 and 4.10. 
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  (4.9) 
4.10 
  (4.10) 
Reactions 4.9 and 4.10 were used to construct the pseudo-first order aquation rate model, 
Equations 4.11 - 4.13, for the determination of the rate constants kaq1 and kaq2. 
4.11 
  (4.11) 
4.12 
  (4.12) 
4.13 
  (4.13) 
Using the program Sigmaplot - Peakfit, each chromatographic peak in Figure 4.3 was 








 at a reaction time of 2800 




. It can therefore be 
assumed that all the Ir
III




 and that this peak area is 
proportional to the total Ir
III
 concentration. Note, for the first chromatographic run, with a 








 are present. Similarly for the 








 are present in relatively 













 species concentration as a function of time, 
Figure 4.4. The program Equikin
26,27
 was used to simulate the pseudo-first order aquation rate 
model and the non-linear least-squares fits to the experimental data are excellent, Figure 4.4. 
The calculated rate constants agree quantitatively with those reported by Domingos et al.
67
, 
Table 4.1. However, rate constants reported by Garner et. al.
38,65
 are not a good match but 
still within the experimental error range given by Garner et. al. (± 0.6). It should also be 
noted that the ionic strength employed by Garner et. al. is significantly higher compared to 
our and Domingos‟ study.
67
 Furthermore, the good correlation between the calculated rate 
constants (kaq1, kaq2) and the corresponding rate constants reported in literature, Table 4.1, 
prove that the tentative peak assignment given in Figure 4.2 (a) and (b) are correct. 
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  (4.14) 
Table 4.1: Calculated rate constants obtained with the pseudo-first order rate model, Equations 4.11 - 4.13, 
compared to rate constants reported in literature. 





This study 0.102 3.50 (± 0.12) x 10
-5





 0.130 3.40 (± 0.05) x 10
-5




















 Chang and Garner
65
 at 298.1 K 
Reaction time/ min




































Figure 4.4: Species concentration determined as a function of time. The symbols represent the data obtained 
from the chromatographic traces in Figure 4.3 and the solid lines represent the non-linear least-
squares fit calculated with the program Equikin. 




 aquation as a function of temperature was measured with the developed 




 were prepared in a  
0.10 M HCl matrix and stored at different temperatures. The samples were analysed as a 
function of time and the resulting chromatographic traces were integrated using the program 
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Peakfit. The rate constants (kaq1) at different temperatures were determined by integration of 





 peak area) vs. time are shown in, Figure 4.5, and excellent linear fits to the data 
were obtained. The rate constants (kaq1) calculated from the gradients of these linear functions 
at different temperatures are listed in Table 4.2. 
4.15 
  (4.15) 















295.1 8.01 0.102 3.42 x 10
-5
 
300.1 7.95 0.102 6.83 x 10
-5
 
305.1 8.00 0.102 13.49 x 10
-5
 
310.1 8.04 0.102 26.89 x 10
-5
 





































 as a function of time, for the 
calculation of the rate constant, kaq1. 
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The corresponding Eyring plot, Equation 3.27, for the rate constants (kaq1) listed in Table 4.2 
is shown in Figure 4.6. The straight line obtained indicates that the enthalpy of activation 
(ΔH
†
) is not dependent on temperature in the range of 295.1 - 315.1 K. The  
enthalpy of activation (ΔH
†
 = 99.41 ± 0.09 kJ.mol
-1
) and entropy of activation  
(ΔS
†




) were calculated from the slope and intercept respectively. 
The Gibbs energy of activation (ΔG
†
) at 298.1 K is equal to 87.28 ± 0.04 kJ.mol
-1
 and relates 
to the energy required to form the activated complex. 
1/T


















were calculated. T = temperature in Kelvin 









, Reaction 3.12, (ΔS
†
















via a dissociative interchange mechanism (Id) and the positive entropy of activation obtained 
































their respective aquation products
 
4.4.1. Reactions that must be taken into account for the investigation of the redox mechanism. 













 in HCl deficient matrices the rate constants for the various reactions must be 
compared to one another. If the concentration of water (55.5 M) is taken into account, the 








) can be 
described as a second order rate constant (kaq1
*






). This rate constant can 








. The rate 













which is 1.13 x 10
6


















it will still be visible during analysis with limited aquation taking place. 
4.16 
  (4.16) 
4.17 

















 are simultaneously present in a chloride 




 is negligible in a 




 aquation is very slow.
57-61














and therefore aquation will take place before the sample can be analyzed using this  




 will aquate in a 




 has no 








 complex anion 













 is much slower and the Ir
III
 product formed during 
this redox reaction will be observable. If the assumption is made that chloride transfer does 













 will be observed in the chromatographic trace. However, if chloride transfer does 
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 species will not be formed to any significant extent during this redox 









 peak in the chromatographic trace will clearly indicate whether chloride 
transfer does or does not take place. 












 was prepared in Milli-Q water and aged for a 
sufficient time such that aquation can take place. This sample was then injected onto the  
C18 column (IP-HPLC UV-Vis analysis) and the resulting chromatographic trace at 262 nm is 
shown in Figure 4.7. The optimized chromatographic conditions used were a mobile phase of 




 buffered to a  
pH of 4 using an acetate buffer. Optimization of the IP-HPLC method used here is briefly 
discussed in chapter 2.2.3 and all subsequent IP-HPLC separations were carried out with this 
methodology. 
Retention Time/ min





















































 (n=3-6) series of complexes detected at 262 

















Assignment of the peaks observed in the chromatographic trace, Figure 4.7, is based on 
previous work done by Koch et. al.
30





 (n = 3-6) series of complexes is dependent on the charge of the anionic 
species and that the retention time of the anionic complexes decrease with a decrease  
in charge. The retention times of the detected species are listed in Table 4.3.  







) were also separated. Koch et. al. postulated that partial 
hydrolysis occurs to form the respective anionic hydroxido species, which can ion-pair  
with TBA
+
 and be retained in the column.
30
 Moreover, the hidroxido and aqua  
analogous of the stereoisomers cis- and trans-[Pt
IV





 are in rapid exchange and therefore elute as single peaks. 


















4.90 cis- or trans- [Pt
IV
Cl4(H2O)2] 


















 was prepared in Milli-Q water and aged for a 




 was added to 









. The sample was then injected onto the C18 column for IP-HPLC UV-
Vis analysis and the resulting chromatographic trace at 250 nm is shown in Figure 4.8. 
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 (n=3-4)series of complex anions detected at 
250 nm  
Assignment of the peaks observed in the chromatographic trace, Figure 4.8, is based on 
previous work done by Koch et. al.
30
 and the retention times of all species are listed in  




 species, based on 
the UV-Vis spectrum of this peak obtained using the PDA as detector. 















































 was prepared in Milli-Q water. However, upon 









 is below the Ksp, Equation 4.18, precipitation will not take place 




 at a retention time of  
19.08 minutes. 
4.18 
  (4.18) 




 in Milli-Q water was prepared and injected onto the 
C18 column directly after preparation with the resulting chromatographic trace at 254 nm 
shown in Figure 4.9.  
Retention Time/ min















































 (n = 4-6) species detected at 254 nm 
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A similar chromatographic separation for Figure 4.9 is obtained as compared to Figure 4.2 
and assignment of the chromatographic trace is based on the assignment given in Figure 4.2. 





 species, the absorbance does not return to the baseline and can be ascribed to 









indicate that the salt used for this chromatographic separation contains traces of this species 









at the observed quantities is much longer than the time taken to prepare and inject the sample, 
Figure 4.9. 
Table 4.5: Peak assignment for the chromatographic separation of [IrCln(H2O)6-n]
3-n

































 and their respective aquation products 












 was prepared in 













, eluting in the region of 10 minutes, is achieved. The sample was injected 
onto the column and the resulting chromatographic trace is shown in Figure 4.10. 
Stellenbosch University http://scholar.sun.ac.za


















































































 and cis or trans-
[Pt
IV




, (c) unknown species,  
(d) cis or trans-[Pt
IV





The chromatographic trace, Figure 4.10, shows three peaks elute in the retention time region 
























 species. However, these species are distinguishable 
from one another.  




 products in 0.1 M HCl 








 was prepared by adding equal 








 stock solutions in 0.10 M HCl. After a 
reaction time of 5 minutes the sample was diluted 10 fold and injected onto the C18 column, 
Figure 4.11. 
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 reaction products in 0.10 M chloride after a reaction time of 5 























 species have formed after a reaction time of 5 minutes and only small 
amounts of the higher aquated Pt
IV





 (n = 3-6) species distribution in a 0.1 M HCl matrix.  




 species is present, with only a small peak 

















 species is not observed in the 


























 is expected to co-








 obtained from 




 from Figure 4.8 are shown in Figure 4.12. 
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 obtained from Figure 4.8. 



































 in the reaction 



























supports the notion that chloride transfer occurs during this redox reaction. Moreover, the 




 signifies that the second redox reaction, Reaction 3.13, occurs via a 




 product. A reaction mechanism that 
takes chloride transfer into account is illustrated in Scheme 4.1. 
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 in Figure 4.11
 













 from the PDA spectra given in Figure 4.12. 
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 depending on the 
free chloride concentration of the sample matrix. 
Step (I) in the proposed reaction mechanism, Scheme 4.1, shows the formation of a chloride 
bridged activated complex. In step (II), the activated complex subsequently dissociates with 


























 species to form a chloride 
bridged activated complex. Step (IV) describes the dissociation of the activated complex in a 













 complex will then react with the matrix, which is chloride 




 species. The nature of the Ir
III
 product will depend on 



























4.6. Concluding remarks 


































 in chloride 
deficient matrices are relatively slow, i.e. the aquation of these species are negligible within a 











) to reach equilibrium before HPLC-UV-Vis analysis can be 
carried out. This significantly influences the ability to determine the nature of the Pt
IV
 






















 (n= 3-6) series of complex anions with the developed IP-HPLC in this 
study, Figure 4.3. The non-linear least-squares fits obtained for the pseudo-first order  
rate model, Equations 4.11 - 4.13, gave excellent fits to the experimental data,  




 and  




) compare well with the rate constants reported in literature, 
Table 4.1.
38,65,67




 was studied as a function of 




 for this reaction were determined  
(ΔH
†








) with the Eyring equation, 












 This statement is supported by the positive ΔS
†
 experimentally 
determined for this reaction.  













 complex anions and their respective aquation products, Figures 4.7 - 4.9. The 
elution order and PDA spectra of the peaks obtained in the chromatographic traces were used 




 occurs on the guard column and only a small 
peak for this species can be observed at 19.08 minutes. 








 in 0.10 M chloride matrix was analysed with 











































 peak signifies that the first redox reaction step,  
Reaction 3.12, occurs via a chloride and electron transfer inner sphere mechanism. Similarly 
the second redox reaction, Reaction 3.13, is proposed to also occurs via an inner sphere 




. Based on these chromatographic results a 




























5.1. General conclusion 









 species formation during ClO3
-


























 causes an 

















 form. The standard Gibbs reaction energy (ΔG
0
rxn) for 








 was determined to be -42.45 kJ.mol
-1
 and 
Keq = 2.73 x 10
7









was studies as a function of reagent concentration, ionic strength and temperature and 
enabled us to derive a suitable reaction rate model, Reactions 3.12 and 3.13.  
5.1 
  (3.12) 
5.2 
  (3.13) 
The kinetic runs at varying temperature were used to determine the enthalpy- and entropy of 
activation (ΔH
†








) for the 

















 and their respective aquation products. The relatively large negative ΔS
†
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in the chromatographic trace, Figure 4.11, support the notion that chloride transfer facilitates 
electron transfer during the redox reaction. 
5.2. A more detailed conclusion of this project 

























 complex anions will occur, Reactions 3.3 and 3.4. 
Moreover, the half cell potentials were used to determine the standard Gibbs reaction energy  
(ΔG
0
rxn = -42.45 kJ.mol
-1
) and equilibrium constant (Keq = 2.73 x 10
7
) for this redox reaction. 









determined by monitoring the UV-Vis spectral changes as a function of time, Figures 3.2 and 








 was obtained. In order to 








 in a chloride rich acidic matrix a 
kinetic study was performed as a function of reagent concentration, ionic strength,  
H
+
 concentration and temperature, Figures 3.4 - 3.8. The rate model is proposed to comprise 









 , Reactions 3.3 and 3.4, and preliminary simulation 





with the oxidation of Pt
II
 to form a postulated Pt
III
 intermediate. The second elementary step 
will be the further reaction of the Pt
III
 intermediate with another Ir
IV
 complex, and is 








. Furthermore, it was established 









 species and the multi-step redox reaction rate model was derived, Equations 3.14 - 
3.18. Using the program Equikin, the multi-step redox reaction rate model was simulated and 
the non-linear least-squares fits obtained are shown in Figures 3.9 and 3.10. The consistency 













) along with the excellent least-squares fits obtained validated 
the rate model with respect to the first elementary step. However, inconsistent values for the 




) were obtained. Therefore, 
refinement of the multi-step redox reaction rate model with respect to the second elementary 
step was required. Reported investigations of similar redox reactions with Pt
III
 show that this 
species is highly reactive and the reported reactions were all described as diffusion controlled 
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 The multi-step redox reaction rate model was refined to reflect the high 
reactivity of Pt
III
 by assuming that the second elementary step occurs instantaneous (k2 = ∞), 
which implies that the concentration of Pt
III
 at any given time is negligible (Pt
III
 = 0). By 
applying the steady state approximation, Equations 3.19 - 3.22, the diffusion controlled rate 
model was derived, Equations 3.22 - 3.25, and simulated to the experimental data. The 













) yield very consistent data, Table 3.6, and the 
excellent correlation of the non-linear least-squares fits, Figures 3.12 and 3.13, further 
support the assumption that k2 = ∞. Moreover, the calculated rate constant (k1) obtained with 
the diffusion controlled rate model compares very well with the rate constant (k1) calculated 




). The average 




 at 488 nm were 
fitted to the experimental data using the program Equikin, Figures 3.14 and 3.15, and in most 
cases very good fits are obtained. The diffusion controlled rate model was simulated and 
fitted to the kinetic data collected at varying ionic strength. The simulations illustrate that an 
increase in the rate constant (k1) is obtained as the NaClO4 concentration increases. At higher 
Na
+
 concentration, presumably more solvent separated ion-pairs form with the reactants, 
„lowering‟ the repulsion between negatively charged reactants and results in an increase in 
the rate constant.
18
 The diffusion controlled rate model was simulated to the kinetic data 
collected at varying temperatures. The non-linear least-squares fits show excellent correlation 
between the experimental and simulated data, Figure 3.18. The calculated rate constants (k1) 
were used to construct an Eyring plot, Figure 3.19, and the linear relationship between 
ln(k1/T) versus 1/T indicates that the enthalpy of activation (ΔH
†
 = 36.65 ± 0.24 kJ.mol
-1
) is 
independent of temperature in the range of 301.1 - 310.1 K. Furthermore, the relatively large 
negative entropy of activation (ΔS
†




) is indicative of an 
associative reaction mechanism. Utilizing the enthalpy- and entropy of activation the Gibbs 
energy of activation was calculated (ΔG
†
 = 68.77 ± 0.15 kJ.mol
-1
) at 298.1 K. Taking into 




























) will be drastically influenced. Comparison of the ClO3
-
 










) and the redox reaction rate  








 formed in this reaction mixture will be 













 has occurred. Furthermore,  
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 oxidation will also be enhanced, since both the ClO3
-
 oxidation  















. The simulation of this complex series of redox reactions are shown in Figure 3.22 





ESI-Q-TOF-MS evidence for the existence of a Pt
III









. It was also found that the  




 fragmentation,  




 fragments were unambiguously assigned by using distinct 
isotopologue peak patterns obtained for each fragment, Figure 3.21.  













 (n = 4-6) series of complex anions. This IP-HPLC method was utilized to 








 in 0.10 M 
HCl, Figures 4.2 (a) and (b). Using Equation 4.14 the change in concentrations of each Ir
III
 
species were calculated as a function of time. A pseudo-first order rate model,  
Equations 4.11 - 4.13, was simulated to the experimental data and good correlation between 
the calculated and simulated data was obtained, Figure 4.4. The resulting calculated rate 













 was studied as a function of temperature in the range of  
295.1 - 315.1 K and the resulting rate constants (kaq1), Table 4.2, were used to construct the 
Eyring plot, Figure 4.6. From this Eyring plot the ΔH
†
 = 99.41 ± 0.09 kJ.mol
-1
 and  
ΔS
†




 were calculated and these values correlated to a  
ΔG
†
 = 87.28 ± 0.04 kJ.mol
-1









, the positive ΔS
†




 supports a dissociative 














 the relatively large negative entropy of activation (ΔS
†
) suggests that an associative 





chloride deficient matrices will enable the elucidation of the reaction mechanism. However, 

















 to account for the formation of their respective aquation products during the 
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 are relatively slow, to 
the extent that no aquation can spectrophotometrically be observed within the timeframe of  








 species will rapidly aquate  




) and equilibrium will be reached before analysis can be carried out. This 
implies that, irrespective of the redox mechanism, the same Pt
IV
 species distribution will be 




 will aquate 




 species will form. In order to analyse 








 an IP-HPLC 













complexes and their aquation products, Figures 4.7 - 4.9. The relative retention times and 
PDA spectra of the peaks obtained in the chromatographic traces were used to assign the 








 in 0.10 M HCl was left 
to react for 5 minutes and injected onto the C18-column to investigate whether chloride 













 species was obtained which indicates that chloride transfer does occur during the 




 as product. Moreover, the lack of a 




 signifies that the second redox reaction, Reaction 3.13, 
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